Mechatronic systems are complex systems involving knowledge from various disciplines such as computer science, mechanics, electronics and control. Model-based system engineering is an efficient approach to cope with the increasing system complexity. It covers specifying, designing, simulating and validating systems and is very useful for the design of complex systems since it helps better manage the complexity while enhancing consistency and coherence. This approach allows errors to be detected as soon as possible in the design process, and thus reduces the overall cost of the product. Integrating safety concerns from early design stages, within the MBSE approach helps the designer to consider safety aspect during system architecture synthesis and reduce the number of iterations and design changes. This paper presents a step towards the integration of safety within the MBSE approach. SysML is chosen as a modeling language because it offers unified communication semantics to the multidisciplinary collaborating team involved in the design of complex systems. A case study illustrates the proposed approach.
Introduction
Nowadays manmade systems are getting more complex, achieving more functions and thus involving an increasing number of components and new technologies. Components of different disciplines such as actuators, sensors, software are interacting together in a synergic way. In such interactively complex systems, there are many branching paths among components making the interactions unpredictable to system designers and users. Therefore, complex systems are error prone and safety critical since errors could lead to accidents with potentially catastrophic effects. Normal Accident Theory (NAT) explains that, when a technology becomes sufficiently complex and tightly coupled, accidents become inevitable and therefore in a sense they become 'normal' (Perrow 1981) .
Consequently, the design of such systems is challenging. Firstly, the increasing complexity of manufactured systems makes their development and safety analysis more difficult and big efforts are required to manage the complexity, maintaining coherence and consistency through the development, and deal with numerous requirements relevant to multiple domains. Moreover, safety critical systems must be certified according to continuously more rigorous safety regulations before commercialization. In addition, sharp industrial competitiveness obliges industrials to shorten time to market and reduce development costs. Communication among the engineering team working together is also challenging. In fact, engineers from different fields and with different technological backgrounds cooperate together during the design process. This usually leads to misunderstanding and confusion.
Model-Based System Engineering (MBSE) approach is required to manage the complexity, enhance consistency and allow modeling and simulation of the whole system. A unified language to model and specify the system will remedy to the communication problem; SysML, the semi-formal systems modeling language seems very appropriate for us and is adapted in our work.
Related Work
As manufactured systems began to be more widely used, an as manmade system cannot be perfect and are subject to different kind of malfunction, -caused either by design errors, human errors, component failure or any other direct cause or combination of contributing events -many research works focused on system safety. The first efforts were noted in the military domain leading for instance to the military standards (MIL-STD-1629A , MIL-STD-882D). The aim of such standards is to help designers in identifying potential hazards and the appropriate corrective actions. Safety analysis techniques can be split into two categories: qualitative and quantitative approaches. Qualitative methods try to find the causal dependencies between a hazard on system level and failures of individual components, while quantitative methods aim at providing estimations about probabilities, rates and severity of consequences. Many techniques are proposed for this purpose and are extensively described in (Ericson 2005) . These safety analyses are usually performed separately with independent tools. Consequently, they occur late in the design process when the design is already finalized and thus, miss the opportunity to influence design choices and decisions (Sharvia and Papadopoulos 2010).
The purpose of our work is to provide a methodology to integrate safety analysis early in the design stage, when the first design models are available. The proposed methodology is based on pertinent semi-formal models built using SysML. The end goal of this work is to automate parts of the safety analysis process and, consequently, both reduce the time and cost and improve the quality of the
